This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Abstract Kirigami, the ancient Japanese art of cutting and folding paper at the macroscale, has been recently applied to produce nanostructures with unusual deformation mechanisms. In this work we analyse the mechanical properties and deformation mechanisms leading to remarkable stretching and bilinear stiffness in armchair and zigzag hexagonal boron nitride (h-BN) Kirigami nanosheets using classical molecular dynamics simulations. We identify three geometric parameters that govern the mechanics and ductility of Kirigami h-BN. Enhancements in tensile strains up to 3-5 times higher than those of pristine h-BN can be obtained. The variations of stiffness, ultimate strength and strain with the parameters defining the Kirigami defect patterns can be used to tune the mechanical properties of h-BN and other nano 2D structures, potentially expanding their applications in bio-compatible strain-engineered nanodevices and nanoelectronics.
Introduction
Similar to graphene [1] , hexagonal boron nitride (h-BN) [2] [3] [4] adopts a 2D nanostructure that has attracted significant interest in recent years due to its significant mechanical, electrical and chemical properties, and potential applications in nanotechnology [5] [6] [7] . The most distinctive advantages of BN nanomaterials over their carbon counterparts are that BN systems are electrically insulating [8, 9] and more stable at high temperature and in various chemical environments [10] , combined with comparable levels of conductivity and mechanical performance [11] [12] [13] [14] [15] . Another important aspect of nano boron nitride systems is their bio-compatibility, which make them particularly suitable as active or passive nanoparticles for nanomedicine [16] .
With this set of unique features, BN nanomaterials show great potential as components of nanoelectronic devices [17] , functional nanocomposites [18, 19] , hydrogen accumulators and other NEMS systems [20, 21] . Considerable efforts have been made to explore the mechanical properties of h-BN both from a theoretical and experimental point of view [15, 22, 23] . Similar to graphene, h-BN exhibits very high strength and stiffness values, with a Young's modulus ranging from 0.79 TPa to 0.97 TPa, and tensile strength between 120 GPa and 165 GPa [15] . However, the fracture strain of h-BN has been reported to lie between 0.13 and 0.27 (i.e., no more than 30%), which still limits the application of hexagonal boron nitride in strain-engineered nanodevices [24] . Developing approaches to enhance the ductility of 2D nanomaterials thus remains an open topic. The concept of Kirigami, an ancient Japanese art of cutting and folding paper, has been recently used to create complex 3D 3 multiscale structures [25] [26] [27] , but also to pattern graphene experimentally into a variety of shapes including stretchable electrodes, springs, and robust hinges, which exhibit outstanding and tunable mechanical properties [28] . The Kirigami concept has also been applied to graphene and MoS 2 films, and molecular dynamics simulations have investigated the effectiveness of the Kirigami approach to improve the ductility and decrease the brittleness of 2D nanomaterials [29, 30] . This paper shows how to obtain a remarkable stretching and mechanical bilinear behaviour in hexagonal boron nitride sheets by applying cut patterns. So far, the mechanical behavior of h-BN nano-Kirigami systems has not yet been studied. The mechanical properties and deformation mechanisms of both armchair and zigzag [6] h-BN Kirigami systems are systematically investigated using classical molecular dynamics simulations. The influence of three geometric parameters related to pattern size on the tensile stress and strain and deformation mechanism is also investigated.
These results provide guidelines for tailoring and manipulating the mechanical properties of h-BN or other nano 2D structures.
Molecular dynamics (MD) simulations
Our MD simulations used the LAMMPS (Large-Scale Atomic/Molecular Massively
Parallel Simulator) open-source package [31] , developed by Sandia National Laboratories. The Tersoff potential [32] [33] [34] was adopted for the interactions between the boron and nitrogen atoms, due to its success in previous studies of BN nanotubes and nanosheets [35] [36] [37] [38] . Several sets of Tersoff or Tersoff-like potential parameters 4 have recently been developed for interactions between boron and nitrogen [39] [40] [41] [42] [43] [44] [45] [46] . Sekkal et al. [39] and Verma et al. [40] obtained parameters to describe cubic BN and boron nitride nanotubes (BNNTs) respectively by small modifications of those for carbon. The boron nitride was treated as a one-component system. Matsunaga et al. [41, 46] considered c-BN as a two-component system with B-N interactions and proposed separate sets of parameters for boron and nitrogen atoms, which reproduce the lattice constants, bulk modulus and binding energy of cubic boron nitride. Albe et al. [42, 43] developed a Tersoff-like potential for BN, which is able to describe the sp 2 structures of BN polymorphs, BN clusters and pure B and N bonding. These potential parameters have been successfully employed in investigations of the structural, thermal and mechanical properties of BNNTs, h-BN nanosheets (BNNSs) and BN nanobamboos [35, 36, [47] [48] [49] . Recently, based on force-matching, adjusted
Tersoff-like potential parameters [44, 45] , obtained by fitting the obtained bond length and cohesive energy to experimental data, have also been used to simulate the thermal and mechanical behaviour of BN nanofillers and BNNSs [38, 44, 45, 50] . It is worth noting that the effective use of the Tersoff potential in the fracture analysis of 2D h-BN sheets remains a subject of debate. Modified Tersoff potential with the parameters B, R and D have been used to simulate the nanoindentation of cubic boron nitride [51] . However, other authors still use the original Tersoff potential of Kinaci et al. to account for the presence of Stone-Wales and other types of defects [52] . In the present MD simulations, the Tersoff-like potential with the parameters defined and proposed by Albe et al. [42, 43] was chosen, as shown in The h-BN kirigami was constructed by making cuts in a h-BN nanoribbon with free edges. All cuts removed a whole number of BN formula units. The topology of the cuts is similar to those in single layer graphene sheets in Ref. [30] . A schematic view of the h-BN Kirigami showing the geometric parameters we vary is shown in Fig. 1 . The h-BN Kirigami was first fully relaxed for at least 10000 time steps (each time step equal to 1fs) within a canonical (NVT) ensemble at 300 K. Subsequently, a 7 uniform displacement loading on the two opposite ends of the sheet was applied to stretch the Kirigami structure within the same NVT ensemble, until failure occurred.
Nonperiodic boundary conditions were applied along all three directions, so that atoms do not interact across the boundary and do not move from one side of the box to the other. The equations of motion were solved using the velocity-Verlet algorithm [53] with a timestep of 1 fs. In individual simulations, the temperature was maintained at the specified value by using the Nose-Hoover method [54, 55] . The strain rate was set to 1×10 9 s -1 . To obtain the stress-strain curves the virial stress in the loading direction was calculated for each strain [56] . The slope of the linear part of the curves gives the Young's modulus, and the ultimate strength and strain were taken as the maximum stress and strain before the onset of failure. Note that the equivalent Young's modulus of a pristine 2D h-BN system (within Kirigami) scales with its effective thickness, which in this work is 0.333 nm [40] .
Results and discussion

Validation
To validate our MD simulations, we have simulated pristine h-BN nanosheets without Kirigami and calculated the Young's modulus, ultimate strength and strain. The stress-strain curves for armchair and zigzag h-BN nanosheets are shown in the inset of GPa -970 GPa from experiment [57] , density functional theory [58, 59] , MD [23, 60, 8 61] and structural mechanics methods [62, 63] . The values are also very close to those of boron nitride nanotubes [63] [64] [65] [66] . The ultimate strength predicted by our models is higher strain to failure than the armchair one for a ~ 2:1 aspect ratio sheet. We observe also in our case a higher strain to failure for the zigzag configuration (~ 33%), which is justified by the higher slenderness ratio of the nanoribbons used in this work The tensile strains corresponding to the different stages are 30%, 78%, 91%, 96.3%, respectively. The snapshots were generated using Visual Molecular Dynamics (VMD) [67] . lengths. This deformation mechanism is similar to that observed in graphene Kirigami, as in Ref [30] . It is the lateral flapping and rotation mechanism that generates the high ductility of the h-BN Kirigami sheets.
Stress-strain response and deformation mechanism of h-BN kirigami
During Stage II, when the strain exceeds approximately 55% the stress-dependent strain increases at much higher rate than in Stage I ( Fig. 2(a) ), consistent with the main deformation mechanism now being purely elastic bond stretching rather than cut sections flipping and rotating. This change in deformation mechanism is confirmed from by inspecting the structure in Fig. 2(b) ; there is no further tendency of the cut sections to flap or rotate, while the regular hexagonal B-N rings distort because of stretching loading, and the cross-section of the sheet decreases significantly, as shown in Fig. 2(b) a2. The tangent modulus E 2 of this stage is about 18.95 GPa for the configuration considered (armchair). It should be noted that the total tensile strain after the first two stages reaches ~ 88%, a value much greater than the fracture strain of pristine h-BN nanosheets (about 30%). In Stage III bond breaking then takes place at higher strains, while the maximum stress varies between 6 GPa -8 GPa, showing a pseudo ductile behaviour followed by the failure of the sheets (Fig. 2(a) ). From Fig.2(b) it can be observed that at this stage local bond breaking near the edges of the cuts occurs, which is due to the high stress concentrations (as evident from the atom 12 stress distribution in Fig. 3 ). The largest stresses are concentrated near the edges of the each Kirigami geometric unit, as also previously observed in graphene Kirigami [30] .
Finally, as shown in Fig.2 (b) a4, fracture occurs during Stage IV, after the tensile strain reaches 95%. For zigzag h-BN Kirigami, similar deformation phenomena were also observed. was generated using AtomEye [68] .
Influence of the geometry parameters on the mechanical behaviour
The ductility and strength of the Kirigami h-BN sheets strongly depend upon the topology of the cut patterns, and therefore upon the dimensionless geometry parameters described above. To clearly understand the meaning of the variation of these parameters, different h-BN Kirigami configurations for the varying geometric parameters α, β and γ are shown in Fig. 4 . Smaller values of the parameter α lead to a lower porosity of the Kirigami sheets, while larger values tend to produce configurations with larger voids and larger cuts heights. Large β leads to a lower density of the cuts (Fig. 4(b) ). Fig. 2(a) ), and the fracture strains remain constant at ~ 20%, even slightly lower than the one of the pristine armchair h-BN sheets (23.6%). However, when α is increased there is an evident initial low rate 14 deformation stage in the corresponding stress-strain curves (Stage I). In this case the ultimate strength remains nearly constant at about 8GPa, while the fracture strain increases substantially with rising α. Thus, to enhance the ductility of the h-BN Kirigami, a large value of α should be adopted. respectively, than that of the pristine nanoribbon. However, when α < 0, the fracture strains tend to be insensitive to the value of α for both armchair and zigzag Kirigami and we also note that in this regime the strains, especially for the zigzag form, are even lower than that of the pristine h-BN nanoribbon.
The overall deformation mechanism at different α values can be rationalised as follows. As illustrated in Fig. 1 and Fig. 4 , α = 0 corresponds to the configuration in which the edge and the interior cuts just begin to overlap. When α < 0, the edge and the interior cuts do not overlap and out-of-plane deformation tends to be severely constrained, or does not even occur at lower α. In this case, the cuts can be viewed as atomic line defects which may decrease the strength and strain substantially. The smaller is α, the higher is the strength, which approaches that of the cut-free nanoribbon. In contrast, when α > 0 the flipping and rotation mechanism of Fig.2 (b) a1 takes place, which contributes largely to large stretching and compliance of the Kirigami configuration. Increasing overlap of edge and interior cuts leads to increasing ductility of the h-BN Kirigami nanoribbon. During the tensile loading the Kirigami-patterned sheets exhibit out-of-plane deformations, and failure begins when the ends of the cuts tear and crease through because of the high stress concentrations in these regions. To further the latter, one could employ a technique widely used in fracture mechanics, i.e., the blunting of the crack tip using a stress distributing geometry, such as circles or rectangles with half circles. These circular features can effectively delay the onset of tearing and crack propagation, and thus can improve the strain to failure of the Kirigami structures compared to the rectangular cut patterns studied in this work, although the magnitude of the strength to failure may also decrease. Another approach may consist in the adoption of bridging materials, or distribution of polymeric molecules that may ease 21 the intensity of the stress concentrations. 
Conclusions
In this study we have performed classical molecular dynamics simulations to 22 investigate the mechanical behaviour of hexagonal boron nitride Kirigami structures. The tensile strains corresponding to the different stages are 30%, 78%, 91%, 96.3%, respectively. The snapshots were generated by Visual Molecular Dynamics (VMD). 
